The bacterium *Helicobacter pylori* (*H. pylori*) infects nearly half of the world's population and is the primary causative agent of gastric diseases such as gastritis, peptic ulcer, and gastric adenocarcinoma ([@r1], [@r2]). The pathogen has evolved a repertoire of virulence factors to aid its host colonization and infection. The vacuolating cytotoxin A (VacA) is one of the key virulence factors and is tightly associated with the pathogenesis of *H. pylori*-related diseases ([@r3]). VacA was first identified as a secreted toxin with the ability to induce intracellular vacuolation ([@r4]). In addition, VacA can induce multiple cellular effects, including membrane depolarization, autophagy, and inhibition of T cell proliferation ([@r5][@r6][@r7][@r8]--[@r9]).

The mature, secreted 88-kDa VacA protomer consists of two functional domains: an N-terminal p33 domain and a C-terminal p55 domain. The two domains are linked by a flexible loop which is sensitive to limited proteolysis in vitro ([@r5]). The p33 domain is critical for the pore-forming activity while the p55 domain is responsible for the receptor binding on host cells ([@r10]). To achieve efficient vacuolation, the entire p33 domain and the N-terminal 111 amino acid residues of the p55 domain are required ([@r11]). Once secreted, VacA assembles into water-soluble single-layer or double-layer flower-shaped oligomers, with each layer containing six or seven copies of protomers ([@r12], [@r13]). The current model of VacA-induced vacuolation proposes that VacA oligomers are first dissociated into monomers at low pH. This is then followed by the binding of VacA monomers to the host cell membrane, insertion into the lipid bilayer, oligomerization, and membrane channel formation ([@r14]). However, purified VacA without acid treatment also displays some degree of membrane binding ([@r14], [@r15]), suggesting that some VacA oligomers may exist as a "prepore" state for membrane binding before insertion. The assembly of VacA into oligomers is critical, as nonoligomerizing VacA mutants fail to induce vacuolation ([@r16], [@r17]). Previous biophysical studies have suggested that the VacA hexamer represents the functional state for channel formation ([@r13], [@r18]).

Since the discovery of VacA in the 1990s, it has been challenging to obtain an atomically detailed structure. Major milestones in understanding the VacA structure include the determination of the 2.4-Å crystal structure of the p55 domain, which reveals a predominant right-handed β-helix structure that is commonly seen in the autotransporter passenger domains of other bacterial toxins ([@r19]). The 19-Å cryoelectron microscopy (cryo-EM) structure of a VacA dodecamer further maps the p33 domain to the central core and the p55 domain to the peripheral arms of the flower-like structure ([@r12]). Recent cryo-EM structures of various VacA oligomers determined at ∼15-Å resolution also highlight the interactions of the p33 and the p55 domains for the assembly of VacA ([@r13]). Besides, a 4.5-Å crystallographic map of nonoligomerizing VacA mutant has been reported; however, no atomic model was built due to the insufficient resolution ([@r16]).

In this study, we resolve the cryo-EM structures of VacA in its water-soluble forms. The data reveal the near-atomic structural details of the VacA in its different oligomeric states. These structures suggest a molecular model for the membrane binding and insertion of VacA.

Results {#s1}
=======

Cryo-EM Structures of Multiple VacA Oligomeric Assembly States. {#s2}
---------------------------------------------------------------

The s1i1m1 type of VacA was purified from the medium in which *H. pylori* strain 60190 was grown ([*SI Appendix*, Fig. S1*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821959116/-/DCSupplemental)) and subjected to cryo-EM analysis. A total of ∼540,000 particles out of ∼13,700 movie images were selected and the reference-free 2D class averages of these particles revealed that purified VacA adopts various oligomeric assembly (OA) states ([Fig. 1](#fig01){ref-type="fig"} and [*SI Appendix*, Fig. S1 *B* and *C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821959116/-/DCSupplemental)). Consistent with previous studies ([@r12], [@r13]), VacA hexamer and heptamer in one single chiral layer as well as dodecamer, tridecamer, and tetradecamer formed by two chiral layers stacking back to back were observed. Octameric and nonameric VacA oligomers ([@r12], [@r20]) were not found.

![Ten OAs of *H. pylori* VacA determined by cryo-EM. The 2D class average and corresponding 3D reconstruction of each conformation are shown. OA-1 is the hexamer. OA-2a--f are all conformers of the dodecamer, having different relative rotational orientations between the two layers. OA-3 is the heptamer. OA-4 is the tetradecamer. OA-5 is the tridecamer. The percentages and resolutions in the last two rows refer to the final dataset and final maps.](pnas.1821959116fig01){#fig01}

In line with the 2D class averaging analysis, results from the 3D reconstructions showed that populations of VacA contained single-layer complexes with six or seven protomers and bilayer complexes with 12, 13, or 14 protomers ([Fig. 1](#fig01){ref-type="fig"}). After 3D classification ([*SI Appendix*, Fig. S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821959116/-/DCSupplemental)), 10 OAs were derived, including hexamer (OA-1), dodecamer (OA-2), heptamer (OA-3), tetradecamer (OA-4), and tridecamer (OA-5). Each of them displayed highly symmetric arrangements of the protomers although no symmetry was imposed in the 3D reconstruction ([*SI Appendix*, Fig. S3*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821959116/-/DCSupplemental)). The majority of the VacA oligomers in our images are dodecamers (72.4%), followed by hexamers (20.3%), tridecamers (5.1%), tetradecamers (1.3%), and heptamers (0.8%) ([Fig. 1](#fig01){ref-type="fig"} and [*SI Appendix*, Fig. S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821959116/-/DCSupplemental)). The cryo-EM maps of these oligomeric states were further refined individually. The dodecamers could be further subclassified into six conformers with different relative rotational orientations between the two layers, namely OA-2a--f (designated in the order of the relative angular difference) refined to 3.9-Å, 3.2-Å, 3.7-Å, 3.6-Å, 3.5-Å, and 6.5-Å resolutions, respectively ([Fig. 1](#fig01){ref-type="fig"} and [*SI Appendix*, Fig. S3*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821959116/-/DCSupplemental)). In each of these maps, the resolutions are lower at the distal region of the p55 domain ([*SI Appendix*, Fig. S3*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821959116/-/DCSupplemental)), suggesting its flexibility. The remaining oligomers are hexamers, heptamers, tetradecamers, and tridecamers, which were refined to 3.2 Å, 9.9 Å, 6.4 Å, and 7.4 Å, respectively.

Conserved Structural Fold of VacA Protomer Among Different Oligomeric Assemblies. {#s3}
---------------------------------------------------------------------------------

Although the number of protomers varies among different VacA assembly structures, their protomers share the same structural fold. Noteworthy, there is a weak and discontinuous density region in the center of all VacA oligomers ([*SI Appendix*, Fig. S3*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821959116/-/DCSupplemental)), where no path of chain trace can be established. To illustrate the structural details of VacA, we describe the de novo model built for the hexamer (OA-1), which yields the highest resolution map among all of the oligomers and has the largest number of particles in our images. Densities for the secondary structure elements, most loops, and most of the side chains are clearly visible in reference to the sequence assignment ([*SI Appendix*, Fig. S4*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821959116/-/DCSupplemental)). We validated the resulting model ([Fig. 2 *A* and *B*](#fig02){ref-type="fig"}) using MolProbity ([@r21]) ([*SI Appendix*, Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821959116/-/DCSupplemental)) and the agreement between map and model by cross-correlation coefficients ([*SI Appendix*, Fig. S4*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821959116/-/DCSupplemental)). Atom position accuracy and side-chain resolvability were assessed by atomic displacement parameters ([@r22]) ([*SI Appendix*, Fig. S4*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821959116/-/DCSupplemental)) and the side-chain Z scores ([@r23]) ([*SI Appendix*, Fig. S4*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821959116/-/DCSupplemental)), respectively.

![Near-atomic cryo-EM structure of VacA protomer in the hexamer (OA-1). (*A*) Cryo-EM map of the VacA protomer. (*B*) Model of the VacA protomer. The missing interdomain region is between K299 of p33 and Q335 of p55. K299 and Q335 are colored by element (carbon, gray; oxygen, red; nitrogen, blue) for clarity. (*C*) Top view of the p33 domain, with two annotated α-helices \[helix~30--37~ (helix-1) and helix~68--74~ (helix-2)\]. N refers to N terminus. (*D*) The *Right*-handed β-helix of p33, composed of seven complete turns (numbers 1--7) and four additional β-strands (gold). Two regions (blue) not built in the p55 crystal structure ([@r19]) are also shown. (*E*) The interactions of p33 N terminus with other regions. The indole ring of W30 is located in a pocket formed by T242, G268, I270, and I291. (*F*) The interface between p33 and p55.](pnas.1821959116fig02){#fig02}

The VacA protomer model consists of amino acids 27--299 (p33 domain) and 335--811 (p55 domain) ([Fig. 2*B*](#fig02){ref-type="fig"} and [Movie S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821959116/-/DCSupplemental)). To confirm the integrity of the secreted VacA sample used for the cryo-EM studies, SDS/PAGE and N-terminal sequencing were applied. Only one protein band migrating at ∼88 kDa was detected ([*SI Appendix*, Fig. S1*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821959116/-/DCSupplemental)), and residues ~1~AFF~3~ were sequenced (data not shown), suggesting that the protein sample did not undergo proteolysis. It is likely that the two missing regions, residues 1--26 in p33 domain and 300--334 between p33 and p55 domains, in our current map are highly flexible. Moreover, the missing residues 300--334 might contribute to the above-mentioned central density ([*SI Appendix*, Fig. S5](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821959116/-/DCSupplemental)). As shown in [Fig. 2 *B*--*D*](#fig02){ref-type="fig"}, the core of p33 is a right-handed β-helix composed of seven complete turns, four additional β-strands, and two α-helices (helix~30--37~ and helix~68--74~, subscripts denote the residue numbers). The p33 β-helix extends seamlessly from the N terminus of p55, causing no obvious separation between the two domains. Interestingly, a structural homology search of p33 using DALI ([@r24]) revealed p55 as the top hit with a rmsd of 2.9 Å for 176 equivalently aligned Cα atoms. However, the p33 β-helix is formed by multiple ∼30-aa repeats, which is longer than each repeat (∼25 aa) of the p55 β-helix ([@r19]). While the C terminus end of the p33 β-helix is in contact with p55, the N terminus end is capped with an amphipathic α-helix helix~68--74~.

It has been proposed that the N-terminal 32 nonpolar amino acids of p33 are important for membrane channel formation through the formation of a membrane helix bundle ([@r25]). In our models, the N terminus of p33 can only be traced starting from residue L27. The visible N-terminal region of p33 consists of an α-helix helix~30--37~ followed by a long loop connected to the β-helix core. The hydrophobic face of helix~30--37~ is shielded from the solvent environment ([Fig. 2*E*](#fig02){ref-type="fig"}). Specifically, the indole ring of tryptophan W30 is located in a pocket formed by T242, G268, I270, and I291 via hydrophobic interactions. The orientation of helix~30--37~ is further stabilized by three sets of residues at a hydrogen bond distance (G29--Y240, W30--S241, W30--T242). It is worth mentioning that our cryo-EM model reveals the two regions, residues 335--354 and residues 367--376, that were not visible in the p55 crystal structure ([@r19]) ([Fig. 2*D*](#fig02){ref-type="fig"}). The former region, as discussed below, is critical for VacA oligomerization.

We further analyzed the interaction between p33 and p55 using PDBsum ([@r26]). The p33--p55 binding interface is about 1,300 Å^2^ and involves two salt bridges (H276--D360 and E295--K353) at the loops of the β-helix as well as three side-chain hydrogen bonds (H276--D360, D281--N363, and E295--K353) ([Fig. 2*F*](#fig02){ref-type="fig"}). Additionally, the main chains of the two domains (residues 275--293 and residues 352--380) are close enough to form multiple main-chain hydrogen bonds for the stabilization of the β-strands connected laterally. Hydrophobic interactions also appear to play a role in the p33--p55 interdomain association (e.g., I277, L280, L288, and I291 in p33; and F349, I359, I362, and L379 in p55). These structural findings explain previous biochemical studies that individually purified p33 and p55 polypeptides can interact with each other and function as the full-length VacA ([@r27]).

Diverse Types of VacA Oligomeric Assembly Structures. {#s4}
-----------------------------------------------------

### Monolayer assemblies. {#s5}

As mentioned above, in our study, water-soluble VacA exists in different quaternary structures. The broad spectrum of VacA oligomers depends on the formation of two basic "building blocks"---hexamer and heptamer. To understand the molecular basis of how VacA assembles into different oligomers, we first analyzed protomer--protomer contacts within the VacA hexamer (OA-1). As shown in [Fig. 3 *A*--*C*](#fig03){ref-type="fig"} and [Movie S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821959116/-/DCSupplemental), the molecular interface mainly lies on a segment (residues 338--350) that protrudes from the p55 domain of one protomer and interacts with the outermost β-strand (residues 47--75) of the p33 domain of the counterclockwise adjacent protomer. The interface area buries about 1,000 Å^2^ and involves two salt bridges (E338~P~:K47~P+1~ and D346~P~:K55~P+1~), three side-chain hydrogen bonds (T342~P~:R50~P+1~, Q343~P~:K75~P+1~, and D346~P~:K55~P+1~), and extensive main-chain hydrogen bonds (subscripts P and P+1 denote the protomer and its counterclockwise adjacent protomer, respectively) ([Fig. 3*C*](#fig03){ref-type="fig"}). We noted that the orientation of the protruding segment from p55 is likely governed by ~293~ProPro~294~ and ~351~GlyGly~352~ motifs ([@r28]) ([Fig. 3*D*](#fig03){ref-type="fig"}). It is likely that the nature of the flexible loop (residues 300--334) provides some plasticity for the inclusion of an extra protomer to form a heptamer instead of a hexamer. This notion is supported by previous studies that removal of residues 327--372 in VacA from *H. pylori* CCUG 17874 (corresponding residues 294--331 in VacA from our strain 60190) promotes the formation of VacA hexamer from 30% to 100% ([@r29]). Taken together, our findings are in line with previous mutagenesis studies, which reported that VacA mutants with deletion at residues 49--57 or residues 346--347 failed to oligomerize ([@r16], [@r17], [@r30]).

![Interactions between VacA protomers in the hexamer (OA-1). (*A*) Cryo-EM map of the VacA hexamer. (*B*) Model of the VacA hexamer. (*C*) The protomer--protomer intermolecular interactions including multiple side-chain hydrogen bonds and salt bridges. (*D*) The ~293~ProPro~294~ and ~351~GlyGly~352~ motifs ([@r28]) probably control the orientation of the protruding segment from p55. The glycines are shown in sphere and colored by element for clarity.](pnas.1821959116fig03){#fig03}

### Bilayer assemblies. {#s6}

In addition to the hexamer and heptamer, eight different bilayer structures, including six dodecamers, one tridecamer, and one tetradecamer, were found in the same purified VacA sample ([Fig. 1](#fig01){ref-type="fig"}). It is interesting to note that different oligomeric assemblies are present in different proportions and resolved at different resolutions ([*SI Appendix*, Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821959116/-/DCSupplemental)). Such variations may reflect their inherent stability and/or their different vulnerability during the cryospecimen freezing step. The prevalence of these higher-order oligomeric assemblies suggests favorable free energy comparable to the single-layer structures. Though the biological functions of these oligomers are not well established, it is conceivable that they may be the storage or inactive form of the secreted VacA in the culture media. Alternatively, they may merely be a consequence of the biochemical conditions.

To characterize the structural details of these oligomeric assemblies, we used the 3.2-Å structure of the VacA dodecamer (OA-2b) as a representative of the bilayer model to study how VacA is organized into two layers ([Fig. 4*A*](#fig04){ref-type="fig"} and [Movie S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821959116/-/DCSupplemental)). The protomers in one layer are designated as chains a, b, c, d, e, and f and those in the other layer as chains a′, b′, c′, d′, e′, and f′, each ordered counterclockwise, looking down on one face from the outside. (This annotation is used to enable the illustration of these complex structures in our figures and movies). Molecular interactions between the two VacA hexamers are mainly localized in the central regions of the p33 domains in these six conformers, with an interface area of ∼150 Å^2^ per VacA protomer, which indicates a weak or promiscuous interaction between the two layers. Using PISA and PDBsum structure bioinformatics software ([@r26], [@r31]) to further analyze our structure models, we identified the key residues likely to engage in interactions between the protomers across the two layers. As shown in [Fig. 4*A*](#fig04){ref-type="fig"} and [Movie S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821959116/-/DCSupplemental), two different patches of short-range hydrophobic interactions that may be important to stabilize the OA-2b dodecamer, which yielded the highest resolution structure, were found. The first hydrophobic patch lies on two W82 residues of chains a and f′ while the second patch is on V232 and G233 of chains a and a′. By the same token, chain n interacts with chains n′ and (n−1)′ to promote the back-to-back oligomerization. Our structure was determined at a resolution that water molecules and ions cannot be detected, but it is likely that they also play a role in stabilizing the two-layer structures. We also used the same structural bioinformatics web server to analyze all of the other VacA dodecamer assemblies except OA-2f due to its low-resolution map, as summarized in [*SI Appendix*, Table S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821959116/-/DCSupplemental). All of these assemblies are mainly stabilized through the long-range atom interactions or the long-range hydrophobic interactions ([@r32]) among multiple nonpolar residues (e.g., I370, V372, A431, and G432) between the same or adjacent protomers (e.g., [Fig. 4*B*](#fig04){ref-type="fig"}). These weak interactions would likely allow the switching between different conformations and the transition to other functional states (i.e., pore forming) upon binding to the membrane.

![Hydrophobic interactions between two stacked VacA hexamers. (*A* and *B*) Models of two high-resolution dodecamers (OA-2b and OA-2e). In each figure, the *Left* shows the overall architecture of the lower (gray) and upper (sand) layers of the VacA dodecamers. The arrangements of individual layers of dodecamers are represented as polygons, whose sides are connected by the mass centers of individual domains. The rotation angles of the upper-layer hexamers (color coded from respective conformation) with respect to the lower-layer hexamers (black polygon) are shown. *A*, *Right* shows the two different patches of hydrophobic interactions that stabilize the OA-2b dodecamer. The key residues are shown in sphere. *B*, *Right* shows the residues that likely contribute to the stability of two stacked hexamers in OA-2e, with the closest distances (in angstroms) between Cα from different chains shown. The backbones of key residues are shown in sphere. W82 (red), V232 (green), G233 (magenta), I370 (lime green), V372 (dark cyan), A431 (light pink), G432 (purple).](pnas.1821959116fig04){#fig04}

Proposed Model for VacA Membrane Insertion. {#s7}
-------------------------------------------

An important feature of VacA is that its N-terminal hydrophobic region inserts into the membrane for the formation of the anion channel ([@r25]). One model for VacA membrane assembly at low pH suggests the temporal order of membrane insertion, oligomerization, and pore formation ([@r33]). Besides, other experimental data demonstrated that VacA at neutral pH can also exhibit some weak binding to the cell membrane, suggesting an alternative pore-formation pathway at neutral pH with the oligomerization occurring before insertion and pore formation ([@r14], [@r15]). We also observed lower vacuolation activity (fewer vacuolated cells) of our purified VacA without acid treatment relative to that with acid treatment in HeLa cells ([*SI Appendix*, Fig. S6](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821959116/-/DCSupplemental)). With the atomic details revealed by our cryo-EM structures, we propose a model to explain how VacA hexamer may directly participate in membrane binding and insertion for pore formation at neutral pH ([Fig. 5](#fig05){ref-type="fig"}). Our proposed model would provide a complementary mechanism for VacA-induced membrane channel formation.

![Proposed model for membrane insertion of a VacA hexamer. The pore formation is illustrated as a three-step process, including membrane binding, swing out of the N-terminal segment, and membrane insertion. Interaction of water-soluble hexameric VacA with the membrane lipids induces helix~30--37~ to swing out from the protomer--protomer interface and then exposes the hydrophobic N terminus to form the helix bundle within the membrane (the helix 6--26 derived from PDB ID code 1sew is shown in purple). Tryptophans are shown in blue and proline in the hinge is shown in sphere with forest green. The side view shows only chains b--e.](pnas.1821959116fig05){#fig05}

A striking feature of the p33 N-terminal region is the burial of helix~30--37~ in the protomer--protomer interface ([Fig. 2*D*](#fig02){ref-type="fig"}). We noted the presence of a proline residue P45 at the loop connected to helix~30--37~, which may act as a hinge for the movement of helix~30--37.~ Another feature of the p33 domain is the cluster of tryptophan residues (W49, W80, W82, W90, and W96) near the inner rim of the hexamer and helix~30--37~. This tryptophan-rich region may play an important role in the membrane-binding process as shown in other bacterial pore-forming toxins such as listeriolysin O, pneumolysin, and equinatoxin II ([@r34][@r35][@r36]--[@r37]). Membrane association may also be facilitated by simple electrostatic attraction, as one face of VacA hexamer is more positively charged ([*SI Appendix*, Fig. S7](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821959116/-/DCSupplemental)) and is the membrane-facing surface that favors the contact with anionic phospholipids. Taken together, the water-soluble hexameric VacA may be a mimic of the membrane-bound state. To model the membrane insertion state, the N-terminal region (residues 27--44) would flip out and combine with the previously reported helix bundle (PDB ID code 1sew; residues 6--29) ([@r19]). We propose that interaction with the membrane lipids will induce helix~30--37~ to swing out from the protomer--protomer interface and subsequently lead to the exposure of the hydrophobic N-terminal region to form the helix bundle within the membrane. Notably, the majority of the VacA protomer remains unchanged; this is consistent with previous findings that the top view of the water-soluble form and membrane-inserted form of VacA are similar in shape ([@r33], [@r38]). Furthermore, the height of our proposed structure is about 9.0 nm, close to the height of the VacA oligomer associated with anionic lipid bilayers measured by atomic force microscopy ([@r39]). In this model, the double-layer oligomers would not be able to participate in the pore formation. It is conceivable that they may have other functional roles invcells.

Discussion {#s8}
==========

A number of α-pore-forming proteins have been solved to high resolution ([@r40][@r41][@r42]--[@r43]). The nature of VacA oligomerization has been a long-standing question for more than two decades. So far, only the p55 domain of a VacA monomer has been solved structurally to high resolution ([@r19]), but it did not provide any details about VacA oligomeric organization. Here, our cryo-EM structures provide near-atomic details of water-soluble VacA assemblies made from full-length VacA protomers. These structures reveal many previously unseen features. The protruding segment from the p55 domain of one protomer forms a β-strand extension from the outermost β-strand of the p33 domain of another protomer ([Fig. 3*C*](#fig03){ref-type="fig"} and [Movie S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821959116/-/DCSupplemental)). In addition, we also identify a diverse spectrum of weak interactions in different assemblies ([Fig. 4](#fig04){ref-type="fig"}, [*SI Appendix*, Table S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821959116/-/DCSupplemental), and [Movie S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821959116/-/DCSupplemental)). Such interactions form the basis for the VacA dodecameric assemblies.

It is believed that the N-terminal 32 uncharged residues containing multiple GXXXG motifs form a helical bundle for membrane insertion ([@r25]). Although residues 1--26 are not built in our cryo-EM models, the orientation of helix~30--37~ and the spatial disposition of the tyrosine-rich region in the p33 domain ([Figs. 2*E*](#fig02){ref-type="fig"} and [5](#fig05){ref-type="fig"}) suggest a model for VacA membrane insertion under neutral pH condition. Notably, swinging out of helix~30--37~ would leave the VacA protomer largely unchanged ([Fig. 5](#fig05){ref-type="fig"}). This model is consistent with previous findings that the top view structure of the VacA water-soluble form, in general, resembles that of its membrane-inserted form ([@r33], [@r38]). Interestingly, the movement of an α-helix for membrane insertion has also been observed in other pore-forming toxins like FraC, ClyA, and XaxAB ([@r40][@r41][@r42]--[@r43]) ([*SI Appendix*, Fig. S8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821959116/-/DCSupplemental)). This suggests that α-pore-forming toxins may adopt a common mode of membrane insertion despite low sequence conservation among them. On the other hand, we also compared the Cα trace of our VacA protomer with that of the nonoligomerizing VacA mutant containing a partial p33 domain ([@r16]). We found that the two structures share a very similar β-helix fold, indicating no significant change in the overall structure between the monomer and the protomer of our structures. A previous assembly model proposed that membrane insertion requires dissociation of VacA oligomers into monomers at low pH condition ([@r14], [@r15]). It is therefore tempting to speculate that acid activation of VacA promotes both monomer formation and exposure of the N-terminal helix for membrane insertion. Clustering of VacA monomers to lipid rafts and the intrinsic nature of VacA oligomerization further lead to the formation of membrane pore. However, it is yet unclear why hexameric VacA is exploited as the membrane-bound state while oligomerization to heptamer in the water-soluble state is allowed. Determination of the membrane-inserted state of VacA structure will be essential for elucidating the assembly mechanism for VacA anion channel formation.

Our data also show that the two-hexamer bilayer VacA structures have at least six possible relationships between the hexamer layers ([Movie S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821959116/-/DCSupplemental)), though arguably, the more populated and higher resolution OA-2b dodecamer state may be marginally more stable. These structures must be energetically favorable to make them amenable to be studied from subnanometer to near-atomic resolutions. In our analysis, the two equivalent rings are assembled with limited hydrophobic interactions ([Movie S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821959116/-/DCSupplemental)). The promiscuous switching of the hydrophobic interactions among the nonpolar residues from the same or adjacent subunit generated different oligomeric forms. In fact, the arms of the tridecamer (hexamer on heptamer) structure (OA-5, [Fig. 1](#fig01){ref-type="fig"}) looks similar to the arms of the different dodecameric conformations (OA-2a--f, [Fig. 1](#fig01){ref-type="fig"}). The biological functions of these various assemblies remain uncertain, though they may be speculated as inactive states before transitioning to the prepore-forming state (e.g., hexamer). Nevertheless, the discovery and analysis of such heterogeneity add another example to several recent reports which reveal multiple conformers of the same macromolecular complex by cryo-EM ([@r44], [@r45]). It is a recurring observation that macromolecular assemblies are structurally dynamic and that cryo-EM is the right tool to obtain structure snapshots of their structures which can generate further studies of dynamics and functions.

Materials and Methods {#s9}
=====================

*H. pylori* Culture. {#s10}
--------------------

*H. pylori* strain 60190 (ATCC no. 49503) was used to produce VacA in this study. The *H. pylori* was cultured as previously described ([@r46], [@r47]). Briefly, *H. pylori* was cultured at 37 °C on Columbia agar base (Thermo Fisher Scientific) supplemented with 5% horse blood. CampyGen (Thermo Fisher Scientific) was used to generate the microaerophilic environment necessary for *H. pylori* growth. To produce VacA, liquid culture was used instead. The liquid culture was composed with *Brucella* broth (Becton Dickinson) supplemented with cholesterol (Thermo Fisher Scientific).

Preparation of VacA. {#s11}
--------------------

VacA, secreted by *H. pylori* strain 60190, was directly purified from the medium ([@r16]). Briefly, VacA was produced in the liquid culture medium for about 48 h. The medium was then spun down to remove the cell debris. The medium supernatant was concentrated by about 10-fold using concentrator with molecular weight cutoff of 100 kDa. The concentrated medium was then precipitated with the same volume of saturated ammonia sulfate. The sample was further spun down at 20,000 rpm for 1 h using JA20 rotor (Beckman Coulter). The pellet was resuspended using PBS and subjected to gel filtration using HiLoad Superdex, 200 pg (GE Healthcare). The fractions were examined on SDS/PAGE. Peak fractions were concentrated to about 0.5 mg/mL for further experiments.

Cryo-EM Data Acquisition. {#s12}
-------------------------

The VacA sample was diluted at a final concentration of around 0.2 mg/mL. Three microliters of the samples were applied onto glow-discharged 200-mesh R2/1 Quantifoil grids coated by homemade thin continuous carbon. The grids were blotted for 2.5 s and rapidly cryocooled in liquid ethane using a Vitrobot Mark IV (Thermo Fisher Scientific) at 4 °C and 100% humidity. The samples were screened using a Talos Arctica cryoelectron microscope (Thermo Fisher Scientific) operated at 200 kV and then imaged in a Titan Krios cryoelectron microscope (Thermo Fisher Scientific) with GIF energy filter (Gatan) at a magnification of 130,000× (corresponding to a calibrated sampling of 1.06 Å per pixel). Micrographs were recorded by EPU software (Thermo Fisher Scientific) with a Gatan K2 Summit direct electron detector, where each image is composed of 30 individual frames with an exposure time of 6 s and a dose rate of seven electrons per second per Å^2^. A total of 13,708 movie stacks were collected with a defocus range of 1.3--2.5 μm.

Single-Particle Image Processing and 3D Reconstruction. {#s13}
-------------------------------------------------------

All micrographs were motion corrected using MotionCor2 ([@r48]) and the contrast transfer function (CTF) was corrected using CTFFIND4 ([@r49]). All particles were autopicked using NeuralNet option in EMAN2 ([@r50]), and further checked manually. A total of 540,214 particle images were derived from the selected 13,587 micrographs. Then, particle coordinates were imported to Relion ([@r51]), where three rounds of 2D classification were performed to remove poor 2D class averages. Meanwhile, ∼2,000 particle images were selected to generate the 2D averages in EMAN2 and further used to build the initial model. A total of 299,174 particles were used for 3D classification in Relion (version 2.1) without symmetry. Multiple oligomeric assemblies came out from the 3D classification, and 10 selected oligomeric assemblies with their particles were transferred to cryoSPARC V2 ([@r52]) for further heterogeneous particle image refinement. Ten final maps were achieved after the homogeneous refinement in cryoSPARC V2 (see more information in [*SI Appendix*, Fig. S2 and Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821959116/-/DCSupplemental)).

Docking and de Novo Model Building. {#s14}
-----------------------------------

Model building was first conducted based on the 3.2-Å map of the OA-1. The asymmetric unit (ASU) of VacA contains p33 and p55 domains. Two ASUs were computationally extracted from our map ([@r53]). The partial p55 crystal structure (2qv3), containing residues 355--366 and 377--811, was used for docking into the computationally extracted map. Based on the cryo-EM map, the de novo model building of p33 (residues 27--299) and the p55 (residues 335--354 and 367--376) that were not previously resolved was performed using Coot ([@r51], [@r54]). Amino acid sequence registration was assigned initially to the cryo-EM density of bulky residues (Trp, Lys, Arg, Phe, and Tyr) and then to the rest of the residues. An atomic model composed of p33 and partially unresolved p55 (residues 27--299, 335--354, and 367--376) was obtained. The resulting model was refined using phenix.real_space_refine ([@r55]) application with secondary structure and geometry restraints. Coot was used to manually optimize the model. Finally, 750 of 821 residues of the full-length VacA protomer were modeled. The atomic model of ASU was then fitted into the cryodensity of the other protomers in VacA oligomers with Chimera ([@r56]), followed by the optimization using phenix.real_space_refine. The final models were evaluated by MolProbity ([@r21]) and side-chain Z scores ([@r23]). Statistics of the map reconstruction and model optimization are shown in [*SI Appendix*, Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821959116/-/DCSupplemental). PISA and PDBsum structure bioinformatics software ([@r26], [@r31]) were used to analyze our structure models to identify the key residues involved in interactions between the protomers. All figures were prepared using PyMol ([@r57]) or Chimera ([@r56]).

Vacuolation Assay. {#s15}
------------------

Vacuolation assay was performed as described in ref. [@r16]. Briefly, HeLa cells were cultured in DMEM supplemented with 5% FBS at 37 °C in a 5% CO~2~ incubator. A total of ∼1 × 10^4^ cells were seeded on a 24-well plate and cultured for 24 h. VacA was first acid activated using HCl at room temperature for 10 min. Then 5 μg VacA with or without acid treatment was added into DMEM supplemented with 10 mM ammonia chloride. Cells were cultured for another 3 h. The cells were then observed under an Olympus IX71 microscope using the 10× objective lens. Images were recorded using a CCD camera (ThorLabs).
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Data deposition: Cryo-EM maps of 10 VacA oligomeric assemblies and six associated atomic models have been deposited in the Electron Microscopy Data Bank with EMD accession codes [0542](http://www.ebi.ac.uk/pdbe/entry/emdb/EMD-0542), [0543](http://www.ebi.ac.uk/pdbe/entry/emdb/EMD-0543), [0544](http://www.ebi.ac.uk/pdbe/entry/emdb/EMD-0544), [0545](http://www.ebi.ac.uk/pdbe/entry/emdb/EMD-0545), [0546](http://www.ebi.ac.uk/pdbe/entry/emdb/EMD-0546), [0547](http://www.ebi.ac.uk/pdbe/entry/emdb/EMD-0547), [0548](http://www.ebi.ac.uk/pdbe/entry/emdb/EMD-0548), [0549](http://www.ebi.ac.uk/pdbe/entry/emdb/EMD-0549), [0550](http://www.ebi.ac.uk/pdbe/entry/emdb/EMD-0550), and [0551](http://www.ebi.ac.uk/pdbe/entry/emdb/EMD-0551), and the Protein Data Bank under PDB ID codes [6NYF](6NYF), [6NYG](6NYG), [6NYJ](6NYJ), [6NYL](6NYL), [6NYM](6NYM), and [6NYN](6NYN).
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